These studies determined the effect of interleukin-2 (IL-2) immunotherapy on the oxidative metabolism of the blood granulocytes of eight patients with metastatic renal cancer. We quantitated the rate of the hexose monophosphate shunt activity (HMPS), hydrogen peroxide (H, O, ) production, and salicylate oxidation of the unstimulated and phorbol myristate acetate (PMA)-stimulated granulocyte cultures before, during, and after a 5-day continuous infusion of IL-2. There was no change in the rate of HMPS activity. However, the rate of salicylate oxidation of the unstimulated and PMA-stimulated cultures of these patients was significantly increased after the therapy was complete. Overall, there was no increase in the rate of H, O, production, although the PMA-stimulated cultures of three of eight patients had a twofold higher production of H, O, after treatment compared with the pre-NTERLEUKIN-2 (IL-2), a lymphokine derived from I activated T lymphocytes, is currently undergoing clinical evaluation as treatment for a variety of cancer^.'.^ Unfortunately, patients receiving infusions of IL-2 have a number of serious side effects. These include fever, chills, erythroderma, hypotension, diffuse fluid retention, and impaired renal function.'.' Furthermore, a few patients develop pulmonary edema with respiratory failure and have a clinical syndrome consistent with the adult respiratory distress syndrome (ARDS)! These clinical findings suggest that a generalized increase in capillary permeability ("capillary leak syndrome") occurs to some degree in most patients during IL-2
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While the mechanism involved is unknown, it has been postulated that the capillary injury may be induced by toxic agents released by lymphokine-activated phagocytic cells, particularly granulocytes.".' These toxic agents include reactive oxygen species (ROS), prostaglandins, and enzymes.' Therefore, the mechanism of vascular injury occurring in patients treated with IL-2 may be similar to that proposed in several clinical disorders, including ARDS, septic shock, pulmonary insufficiency following renal dialysis, and cardiac bypass surg e~~.~-~~ In this regard, the role of ROS in the pathophysiology of these latter clinical disorders is supported by a large body of experimental eviden~e.'.'~ The clinical observations, which indicate that patients receiving IL-2 infusions develop a capillary leak syndrome, suggested to us that IL-2 might activate the phagocytic cells of these patients. For this reason, we studied the effect of the administration of IL-2 in vivo on the oxidative metabolism of the unstimulated and phorbol myristate acetate (PMA)-stimulated blood granulocytes of patients receiving IL-2 immunotherapy to determine whether their cells were activated. For comparison, we also studied the metabolism of granulocyte cultures supplemented with IL-2 in vitro. In addition, these experiments provided the opportunity to test further the hypothesis that activated granulocytes have an enhanced capacity to metabolize xenobiotics, since we used the biotransformation of salicylate as one of the methods to measure the production of ROS by granulocyte^.'^ treatment values. The enhanced rate of salicylate oxidation by the granulocytes after treatment indicates that these cells were "stimulated in vivo t o produce a potent oxidant, which is most likely hydroxyl radical or an oxidant of comparable activity. Further, the granulocytes were primed ("activated"), since they had an augmented response to PMA. IL-2 did not stimulate the oxidative metabolism of granulocyte cultures in vitro, suggesting that the IL-2 effect in vivo is not a direct one. Our results indicate that IL-2 immunotherapy is associated with the activation of blood granulocyte oxidative metabolism and that these activated granulocytes may be related t o some of the toxic side effects of IL-2 therapy such as the capillary leak syndrome. Further oxidant injury t o the granulocytes may explain the reported defect in chemotaxis. o 1991 by The American Society of Hematology.
MATERIALS AND METHODS

Materials were obtained from the following sources:
[~arboxyl-'~C]salicylate (specific activity, 56.5) and [ l-'4C]glucose (specific activity, 4.0), ICN Radiochemicals, Irvine CA; [I4C]formate (specific activity, 51), Amersham, Arlington Heights, IL; sodium salicylate, Aldrich Chemical, Milwaukee, WI; sodium formate, J.T. Baker Chemical, Phillipsburg NJ; taurine, catalase (C-40, 14,000 Ulmg), and PMA, Sigma Chemical, St Louis, MO; Dulbecco's phosphate-buffered saline (DPBS) and 4-(2-hydroxylethyl)-1-piperazine ethane sulfonic acid (HEPES), from GIBCO, Grand Island Ny, and human recombinant IL-2, and proleukin (rIL-2), Cetus, Emeryville, CA. RPMI 1640 was supplied by MA Bioproducts (Walkersville, MD). Zymosan from Sigma was opsonized in serum as previously described.I6
The blood granulocytes of eight patients with documented metastatic renal cell carcinoma undergoing immunotherapy treatment with rIL-21 lymphokine-activated killer (LAK) were studied. The protocol had prior approval by the Ohio State University Human Subjects Committee and is similar to that reported by other institution^.'.^
The patients initially received a continuous infusion of rIL-2 at a dose of 3 X lo6 Cetus units/m* (18 X lo6 IU/m2) daily for 5 days. The blood granulocytes were studied just before infusion (day 0), the third day of the infusion, and after the completion of this treatment. Five patients were studied on day 7 of the protocol and three on day 8. The patients were not studied during the second phase of the treatment. This included lymphapheresis on days 8 through 11, followed by combined therapy with rIL-2 and LAK infusions administered on days 18 to 21. The patients were maintained on their regular medications during the treatment. In addition, they were treated with acetaminophen for fever. One patient was treated with indomethacin for a high fever.
Blood was collected in EDTA. Blood cells were separated by Ficoll-Hypaque density gradient p r~c e d u r e . '~ Purified lymphocyte suspensions (monocyte-depleted) for the study of LAK activity were prepared from the mononuclear cell layer as previously described." The granulocytes were further purified by the following procedure. The remaining cells were resuspended in one-third volume of Seligmann's balanced salt solution (SBSS), and 5% EDTA/SBSS (0.3 mL per each 10 mL of SBSS used for resuspension) was added to keep the EDTA concentration comparable to that used for whole blood. The granulocytes were purified by dextran sedimentation and the Ficoll-Hypaque density gradient procedure used in previously reported work.'6,1s21 Hypotonic lysis was used to remove contaminating red blood cells.
Natural Killer (NK)-resistant Daudi cells were used in all experiments as targets. Daudi cells (2 to 10 x lo6) were incubated with 100 pCi Na;'CrO, (New England Nuclear, Boston, MA) in 0.4 mL of Tris phosphate-buffered saline for 1 hour at 37°C. The cells were washed four times with culture medium consisting of RPMI 1640 with 1 mmol/L glutamine, 20 mmol/L Hepes buffer, and 10% pooled heat-inactivated sera. Following this, the cells were resuspended in this medium at a concentration of l@/mL. Effector cells were suspended to various concentrations, and 0.1 mL was added to round bottomed microtiter plates (Flow Laboratories, McLean, VA). The "Cr-labeled target cells were added to all wells in 0.1 mL and the plates were centrifuged at 2% for 5 minutes. After 4 hours of incubation at 37T, the plates were centrifuged again, and 0.1 mL of supernatant was removed from each well and counted in a gamma counter. Percent lysis was calculated from the formula: (experimental cpm -spontaneous cpm)/(total cpm -spontaneous cpm) ~1 0 0 . Each variable was tested in triplicate. Data are expressed as percent lysis or lytic units (LU). One lytic unit equals the number of target cells lysed x 100 by 8 x lo3 effector cells.
The oxidation of I4C-formate, 14C-glucose and '"C-salicylic acid by granulocytes before and after stimulation with PMA was used to monitor any effects of IL-2 treatment on H,O, production, hexose monophosphate shunt metabolism (HMPS), and hydroxyl radical formation, A continuous measurement of I4CO, produced from the "C-labeled substrates was made using the ionization chamber-electrometer apparatus previously de~cribed.'~.'~.~' Purified granulocytes were incubated at 37°C with stirring in 25 mL three-neck distilling flasks. The cells were suspended in 4 mL of DPBS with 50 mg/dL glucose, at a final concentration of 4 x IO6 cells/mL, or in a few instances, as low as 1.5 x lo6 cells/mL at day 7 of the study. Before the addition of the cell suspension, 1 pCi or 2 pCi of I4C-salicylate or 5 pCi of radiolabeled formate or glucose in 0.1,0.2, or 0.5 mL, respectively, of normal saline had been added to the flasks, and any background signal had been blown off by continuously gassing the system. For the formate incubations, the flasks also contained, before the addition of cells, 10 mmol/L unlabeled formate and 25 pg/mL catalase. The salicylate flasks contained unlabeled substrate (0.1 mmol/L sodium salicylate). After a 1-hour incubation, 50 ngimL of PMA was added to stimulate the cells, and the suspension was further incubated for 1 to 2 hours. The peak millivolt values were used to calculate the production of CO, in nanomoles per lo7 cells per hour from the various substrates by resting or stimulated cells. The background signals produced by the system without cells ranged from 0 to 0.2 mV. The net peak mV signals above background produced by granulocyte cultures obtained from the patients before treatment were as follows: unstimulated "C-lIsolation of patient leukocytes.
Cytotoxicity assay.
Metabolic studies.
glucose, 1.3 to 2.9 mV; PMA-stimulated ''C-l-glucose, 57 to 159 mV; unstimulated I4C-formate, 0.1 to 0.4 mV; PMA-stimulated '"C-formate, 7.8 to 11.3 mV; unstimulated ''C-salicylate, 0 to 0.17 mV; PMA-stimulated "C-salicylate, 2 to 10 mV.
In vitro studies of the effects of rIL-2 on granulocyte oxidative metabolism. Fresh blood anticoagulated with EDTA was obtained for each experiment from healthy volunteers who had taken no medications for at least 72 hours. Granulocytes were isolated by dextran sedimentation and Ficoll-Hypaque density gradient centrifugation, as previously described, and purified from contaminating erythrocytes by hypotonic l~s i s . '~. '~-~' The resulting granulocytes suspensions were greater than 95% pure. Four-milliliter suspensions of the granulocytes (3.6 x lo6 cells/mL) were incubated under similar experimental conditions to those described above for the patient studies. The effect of concentrations of rIL-2 between 333 and 2,000 Cetus units per lo6 cells (-1,000 to 6,000 U/mL) on the oxidation of 14C-l-glucose, I4C-formate, and "C-salicylate was determined before and after stimulation with either PMA or opsonized zymosan. The suspensions were preincubated for 45 minutes to achieve equilibrium before adding IL-2. After an additional 15-minute incubation, opsonized zymosan (1 mg/mL) or PMA (50 ng/mL) was added to stimulate the cells. The peak mV signal produced from these cultures was used to calculate the rate of CO, production from the substrate in an identical manner to that described for the patient studies.
We also determined the effect of r-IL2 on the production of hypochlorous acid (HOCI). Cell incubations were set up in threeneck distilling flasks in a fashion similar to that described for the metabolic studies. Taurine, 15 mmol/L, was added to the incubations to trap the HOCI. After a 45-minute preincubation, rIL-2 was added to the culture. PMA (50 ng/mL final concentration) or zymosan (1 mg/mL) was added and the suspension incubated for an additional 1 hour. The reactions were terminated by placing the flasks into an ice bath and by immediately adding 25 pg/mL of catalase. Cell-free supernatants were obtained by centrifugation of the suspensions at 27,700g for 5 minutes at 4°C. Next, 0.6-mL aliquots were transferred to chilled tubes. Their ability to oxidize Ito I, was determined by reaction with 2.4 mL of a 1.25% solution of KI in 0.1 mol/L phosphate buffer (pH 7.0).16,20,21 Results were expressed as nanomoles of I, produced per lo7 cells.
Student's t-test for independent and paired samples was used to analyze the data."
RESULTS
Statistical analysis.
LAK activity and the clinical toxicity associated with IL-2 treatment. As previously reported, most patients develop significant systemic symptoms during a 5-day IL-2 infu~i0n.l.~ All patients developed fever. This was associated with erythroderma in most of the patients and clinically significant hypotension in six of eight patients. Some patients developed fluid retention during the administration of intravenous fluids as treatment for their hypotension. Seven of eight patients developed evidence of impaired renal function, as indicated by an increasing serum creatinine. One patient developed significant cardiac toxicity, as indicated by arrhythmias, and two patients developed pulmonary complications, as indicated by diffuse pulmonary infiltrate in one and pulmonary edema in the other. The baseline blood counts and differentials were normal in all patients before receiving IL-2 infusion (Fig 1) . O n the third day of the infusion, the counts were not significantly changed. On the seventh day of the study, the majority of the patients had developed mild leukocytosis. This was associated with a decrcascd pcrccntagc of ncutrophils, cosinophilia, and lymphocytosis (Fig 1) . Systemic LAK activity was gcncratcd in all patients; maximal LAK activity was mcasurcd on day 7 (Fig 2 ) .
Table l summarizcs the metabolism of the blood granulocytes for thcsc patients bcfore, during and after trcatmcnt with IL-2. Overall, thcrc was no significant increase in the mcan HMPS activity as mcasurcd by thc "C-1-glucose oxidation of thc unstimulatcd or PMA-stimulatcd granulocytes. In contrast, thc mcan oxidation of "C-salicylate, by both the unstimulatcd and PMA-stimulatcd granulocytes, was significantly higher than the basclinc values after treatment. Of particular intcrcst was the cnhanccd oxidation of salicylate by the unstimulatcd cclls. This effcct was noted in the cclls of all but onc of thc patients. Similarly, the PMA-stimulatcd oxidation of salicylatc was cnhanccd in the granulocytcs of scvcn of cight paticnts studied aftcr treatment compared with thc basclinc controls. There also appeared to bc somc augmentation of thc culturcs during treatment, although the changes were not statistically significant. The cffcct of IL-2 infusions on the production of H,O, was less clear. Overall, the production of HzOz by the PMA-stimulated cultures was not significantly increased, although the cclls of three of eight patients had a twofold greater production of H,O, at day 7 compared with the basclinc and third-day values. The mean values for H,O, production for the unstimulated cultures appcars to be slightly incrcascd at 3 days and aftcr treatment. As mcntioncd, the enhanced oxidation of salicylatc was greatest aftcr the infusion was complctcd (days 7 and 8). At this point, five of eight paticnts had developed cosinophilia ranging from 5% to 20% and it is unclcar whcthcr part of thc enhanced metabolism of salicylate was mcdiatcd by thcsc cells. However, thcrc was no dircct correlation between the degree of cosinophilia and thc cnhanccment of "C-salicylate oxidation.
Studies of the in vitro effects of IL-2 on granulocyte o.ridative metabolism. In thcsc cxperimcnts, granulocytes isolated from normal subjects wcrc incubated with IL-2 in vitro. The rates of HMPS activity, formate oxidation, and thc salicylate oxidation of unstimulated cultures arc given in Tablc 2. Values are given in nanomoles CO, produced per lo7 cells per hour.
The unstimulated cultures did not produce any significant amount of HOC1 using the taurine assay. IL-2 did not stimulate HOC1 production or alter the rate of oxidation of any of the substrates.
There was no direct effect of IL-2 on the HMPS activity, H,O, production, or salicylate oxidation of these cultures (data not shown). Also, IL-2 did not stimulate the production of HOC1 by these cultures. The effect of IL-2 on the metabolic burst of these cultures is given in Table 3 . As shown, IL-2 did not significantly alter the metabolic burst to PMA or zymosan. These experiments also demonstrate that the oxidative metabolism of the granulocytes obtained from the patients before treatment (baseline values) is comparable to that of normal granulocytes (comparison of Table 1 with Tables 2 and 3 ).
DISCUSSION
Our results indicate that the blood granulocytes of patients receiving IL-2 infusions as immunotherapy have enhanced oxidative metabolism. This is indicated by an increased capacity of the unstimulated and PMA-stimulated cultures of these cells to metabolize salicylate after treatment with IL-2. The effect appears somewhat selective, since the enhanced salicylate oxidation was not associated with an enhanced HMPS metabolism or H,O, production in the majority of cases.
We have previously characterized the metabolism of salicylate by granulocytes. This drug is decarboxylated and hydroxylated (oxidized) by a potent oxidant (ROS) produced by zymosan and PMA-stimulated granulocyte~.'~'~~ Similar to benzoic acid," salicylate is not oxidized by the stimulated granulocytes of patients with chronic granulomatous disease. This observation indicates that NADPH oxidase is required for the reaction (unpublished result). The ROS requires superoxide (02J for its production and is most likely hydroxyl radical (OH) or an oxidant of comparable rea~tivity.'~,~ The enhanced capacity of the granulocyte cultures to oxidize salicylate without the addition of PMA after the patient received IL-2 therapy is of considerable interest, since it suggests that these cells have been stimulated in vivo by some mechanism to produce a potent oxidant. Further, our data indicate that the cells are "primed" (activated) in that they have an increased capacity to produce this ROS following stimulation by PMA. A recent report of Klempner et a1 also suggests that the blood granulocytes of patients receiving IL-2 immunotherapy may have activated oxidative metab~lism.~ These investigators reported a twofold increase in the spontaneous production of superoxide following IL-2 infusion. However, an augmentation of 0,-production in cultures stimulated with FMLP or PMA was not found after the first treatment of IL-2 and only with FMLP following the second treatment (IL-2/ LAK cells). In contrast, Jablons et al, using an indirect assay, reported that blood granulocytes produced less 0,-with PMA stimulation following IL-2 imm~notherapy.~ However, our results appear to establish that the blood granulocytes of patients receiving IL-2 immunotherapy are activated. While we did not study the patients during the second phase of their treatment (IL-2/LAK infusions), it seems likely that the changes would have been more striking during this part of the treatment.
It is possible that this activation may be due to a direct effect of IL-2 on granulocyte function in vivo. However, it seems more likely that it occurs by another mechanism. First, we were unable to demonstrate any significant effect of rIL-2 on the oxidative metabolism of granulocytes in cultures supplemented with this lymphokine. Our results are similar to a few other report~.~.*~ However, there is one study by Kowanko and Ferrante which suggests that IL-2 may directly activate the oxidative metabolism of granulocyte cultures in vitro.' The effect was more striking with purified IL-2 prepared from mitogen-stimulated leukocytes than with rIL-2.' Our negative results compared with those of Kowanko and Ferrante could relate to the differences in our culture conditions. Therefore, a direct effect of IL-2 on the oxidative metabolism of granulocytes in vivo cannot be excluded completely. However, the granulocyte cultures For personal use only. on October 3, 2017. by guest www.bloodjournal.org From obtained after the IL-2 infusion was complete were more activated than those obtained during the IL-2 infusion. Therefore, it seems likely that the effect is mediated by another stimulus induced in vivo by the IL-2. IL-2 infusions have been shown to be associated with increased serum concentrations of tumor necrosis factor, interferon, IL-1, and granulocyte colony-stimulating factor^.^'^ Some of these cytokines have been reported to directly activate phagocytic cells in vitro and in vivo.25-30 Therefore, it is possible that one of these cytokines may be the mediator of the effect. Alternately, the changes could be secondary to an activation of serum ~omplement~'.~' either by a cytokine or by another as yet undetermined mechanism.
Our observation that the blood granulocytes of patients receiving IL-2 infusions have activated oxidative metabolism may relate to some of the clinical problems occurring in these patients. First, the activation of the granulocytes may relate to the development of the capillary leak synd~0me.I.~ In this regard, it has been postulated that the release of toxic compounds by activated phagocytic cells, particularly ROS, may mediate the vascular injury occurring in a number of clinical disorders.*-I2 This vascular injury could then be mediated by activated granulocytes following their adherence to endothelium, particularly if the increased ROS released from these cells is associated with a simultaneous release of prostaglandins and enzymes. If the release of a potent oxidant by granulocytes is related to the capillary leak syndrome occurring in patients receiving IL-2 immunotherapy, then the administration of an antioxidant drug might reduce or eliminate the symptoms related to this complication. Also, our results confirm reports which indicate that IL-2 immunotherapy is associated with eosinophilia.2 As indicated in Fig 1, this was noted after completing the first phase of the treatment and increased further during the second part of the treatment with IL-ZLAK. This observation suggests that eosinophils, as well as neutrophils, may mediate some of the vascular injury occurring in patients during IL-2 immunotherapy. Further, recent studies indicate that other lymphokines (IL-3 or IL-5) may stimulate the production of eosinophil^.^^ This suggests that IL-2 immunotherapy may also be associated with an increased production of these cytokines.
Other observations have suggested that the increased incidence of infections (primarily ~atheter-related)~.~.~~,~' occurring in patients receiving IL-2 immunotherapy may be secondary to an acquired defect in granulocyte chemotaxis.334 Our results, which indicate that these granulocytes are producing a potent oxidant, may relate directly to the reported membrane changes and impaired chemotaxis of these cells, since oxidant damage to granulocytes and other cells has been shown to impair the chemotactic response and membrane function.36337 Klempner et a1 have recently reported that the blood granulocytes of patients receiving rIL-2 infusions have impaired chemotaxis to both FMLPand zymosan-activated serum.3 This defect in cell function does not appear to be associated with impairment of other cellular functions, since random migration, phagocytosis, bactericidal activity, and the secretion of neutrophil granules were not impaired. Jablons et a1 reported that the impaired chemotaxis is also associated with membrane abnormalities, since Fcy R I11 receptor expression was markedly decreased: Our observation that granulocytes have an augmented oxidative metabolism suggests that the impaired chemotactic function occurring in the blood granulocytes of patients following IL-2 treatment may be a secondary rather than a primary phenomenon, which results from an initial activation of their oxidative metabolism.
Additionally, a number of recent reports indicate that the release of ROS by phagocytic cells may directly impair lymphocyte function including killer a~tivities.'~.~' We have previously suggested that the release of ROS by phagocytic cells in vivo may represent a feedback mechanism for downregulation of lymphocyte (also see Sagone"). While we did not evaluate monocyte-macrophage function in this study, these cells may be activated in vivo in a similar manner to granulocytes. Therefore, the in vivo release of ROS by granulocytes or mononuclear phagocytic cells might be associated with a downregulation of LAK activity. In this regard, it is of interest that the LAK activity of the blood lymphocytes of our patients appeared to decline at the same time that we observed enhancement of granulocyte oxidative metabolism (comparison of Table 1 and Fig 2) .
Finally, our results have one additional and possibly broader implication, since activated granulocytes may occur in a variety of clinical
We have previously proposed that activated granulocytes may have an enhanced capacity to metabolize xenobiotics in vivo." Our finding that the blood granulocytes of patients receiving IL-2 treatment have an increased capacity to metabolize salicylate, an important antiinflammatory drug, appears to support this concept. The possibility that the activated granulocytes of patients in a variety of clinical disorders have a similar capacity requires additional study. 
